There are considerable variations in the anatomy of the human ophthalmic artery (OphA), such as anomalous origins of the OphA and anastomoses between the OphA and the adjacent arteries. These anatomical variations seem to attribute to complex embryology of the OphA. In human embryos and fetuses, primitive dorsal and ventral ophthalmic arteries (PDOphA and PVOphA) form the ocular branches, and the supraorbital division of the stapedial artery forms the orbital branches of the OphA, and then numerous anastomoses between the internal carotid artery (ICA) and the external carotid artery (ECA) systems emerge in connection with the OphA. These developmental processes can produce anatomical variations of the OphA, and we should notice these variations for neurosurgical and neurointerventional procedures.
Introduction
The ophthalmic artery (opha) consists of ocular and orbital branches. The ocular branches contribute to the blood supply of the optic apparatus, namely, the optic nerve and the retina, and the orbital branches supply the optic adnexae, such as extraocular muscles, lacrimal glands, and eyelids. 1) Embryologically, the ocular branches appear at the optic vesicle stage, and basically develop while optic cup and optic stalk are formed, and then, the orbital branches are formed and annexed with the ocular branches. [2] [3] [4] [5] Consequently, the anatomy of the opha is highly complex. We can encounter various anomalous origins of the opha, and the anastomoses between the internal carotid artery (ICa) and external carotid artery (ECa) systems via the opha. 1, [4] [5] [6] [7] [8] [9] These variations could carry a potential risk of procedural complications of craniotomy or endovascular treatment, such as obliteration of the middle meningeal artery (mma) supplying the opha during skull base surgery, and embolic material migration during embolization of dural arteriovenous shunt, tumor, or epistaxis. 10, 11) Therefore, anatomical knowledge of the opha is essential in neurosurgical and neurointerventional practice. The aim of this article is to elucidate the anatomical variation of the opha from the embryological viewpoint.
Embryology and Anatomy of the OphA
Development of the OphA (Fig. 1) Padget's description of the development of the cranial arteries, published in 1948, provides us tremendous information on the embryology of the opha. 2) In 4-5 mm (crown-rump length) embryo, the blood supply to the optic vesicle is highly plexiform from the primitive maxillary artery (Pma) and the primitive ICa extending cranially to the dorsal aspect of the vesicle. The Pma originates from the future cavernous segment of the ICa. at 5-6 mm stage, the optic cup and the optic stalk begin to form and the primitive dorsal opha (PDopha) emerges. The PDopha originates from the junction of the cranial and caudal division of the primitive ICa, namely, at the level of the origin of the future posterior communicating artery. at 7-12 mm stage, the PDopha supplies capillary plexus to the optic cup, and the primitive ventral opha (PVopha) emerges opposite the anterior choroidal artery. The blood supply to the optic tissue is still plexiform at this stage. In 12-14 mm embryo, the PDopha has two optic branches, a common temporal ciliary artery (future lateral posterior ciliary artery) and a hyaloid artery (future central retinal artery), and the PVopha supplies the common nasal ciliary artery (future medial posterior ciliary artery).
at 16-18 mm stage, the stem of the opha has reached at its adult point, and the PVopha and the PDopha become the branches of the permanent stem of the opha. at the same stage, the stapedial artery from the future petrous segment of the ICa gives rise to the maxillomandibular division and supraorbital division. at 20-24 mm stage, the supraorbital division forms an anastomosis with the opha, and the optic nerve is surrounded by an arterial ring at the origin of the three primary optic branches from the PDopha and the PVopha. at 40 mm stage, the opha have attained approximate adult configuration.
Course of the OphA
The opha is the first major branch of the ICa. The usual origin of the opha is just above the distal dural ring. The course of the opha can be divided into three parts: intracranial, intracanalicular, and intraorbital sections. The opha usually runs inferolateral to the optic nerve in the optic canal. about 3% of the artery enters the orbit from the cranial cavity in a separate bony canal called duplicate optic canal. 1, 6, 9) Intraorbital course can be divided into three segments. In the first segment, the opha runs forward inferolateral to the optic nerve, and then changes the direction at the junction of the first and second segments. The second segment crosses over to go medial to the optic nerve in 83% and crosses under the optic nerve in 17%. In the third segment, the opha runs forward medial to the optic nerve and close to the medial wall of the orbit, and terminates at the superomedial angle of the orbital opening. 1, 7, 9) Branches of the OphA
The branches of the opha have no fixed pattern because of significant interindividual variations, and it should be referred to as a usual pattern. 1, 8) The ocular branches include the central retinal artery, the lateral posterior ciliary artery, and the medial posterior ciliary artery. The origin of these branches is adjacent to the junction between the first and second segments of the opha, therefore, there is no ocular branch distal to the second segment. 1, 8, 9) Since the central retinal artery originates close to the origin of the ciliary arteries, "choroidal brush" depicted by the ciliary arteries is accepted as a landmark of the central retinal artery. The orbital and extra-orbital branches include the lacrimal artery, muscular arteries, the posterior and anterior ethmoidal arteries, the supraorbital artery, the medial palpebral artery, the dorsal nasal artery, and the frontal artery.
There are potential anastomoses between the distal branches of the opha and the branches of the maxillary artery. The infraorbital artery runs along the inferior wall of the orbit and may anastomose to the medial and lateral muscular branches of the opha. The anterior deep temporal artery may anastomose to the lacrimal artery. The septal branch of the sphenopalatine artery may anastomose to the anterior and posterior ethmoidal artery. as cutaneous collaterals, there are potential anastomoses to the opha from the superficial temporal artery, the transverse facial artery, and the facial artery. 4, 11) 
Origin of the OphA
Various anomalous origins of the opha have been reported in the literature. The mma origin is the most common variant (Fig. 2) . 10, [12] [13] [14] [15] [16] The 
2)
Neurol Med Chir (Tokyo) 56, October, 2016 opha originates from the mma to reach the orbit via the superior orbital fissure (SoF) or a foramen in the greater wing of the sphenoid bone. This variant may have a small normal opha from the ICa, representing double origins from the ECa and ICa. In Hayreh's investigation of 170 specimens, four specimens (2.4%) had double origin from the mma and ICa, and two (1.2%) demonstrated the opha completely supplied by the mma.
1)
The second most common variant is the opha arising from the cavernous segment of the ICa (so-called persistent PDopha), to reach the orbit through the SoF.
12,17-21) Uchino et al. evaluated the prevalence of opha variations on mRa of 826 patients (1,652 ophas). They found 24 (1.45%) cases of ophas arising from the mma, and 7 (0.42%) cases of ophas arising from the cavernous segment of the ICa. 12) Double origins of the opha may be observed mostly from the ICa and the mma, 12, 14, 16) and rarely from the cavernous and supraclinoid segments of the ICa. [17] [18] [19] [20] [21] [22] The following extremely rare variations of the origin of the opha have been reported in the literatures: the anterior cerebral artery (aCa), 21, 23, 24) the posterior communicating artery, 25) the ICa bifurcation, 26) the basilar artery, [27] [28] [29] the marginal tentorial artery.
30) The mma arising from the opha [31] [32] [33] and the infraoptic course of the aCa [34] [35] [36] also have been reported.
Anastomotic Branches between the MMA and the OphA
The anastomotic branches between the anterior division of the mma and the lacrimal artery have been well described in the literature. [37] [38] [39] However, the nomenclature of these branches is highly complicated (Fig. 3) . The anastomotic branches from the mma enter into the orbit either through the SoF or a special foramen in the greater wing of the sphenoid bone, which has been known as the foramen meningo-orbitale, 38) Hyrtl's canal, 4) and the cranio-orbital foramen. 37, 39) The anastomotic branch passing through this foramen is called the meningolacrimal artery. In the meningolacrimal variant, the anastomosis between the mma the opha across the SoF is called the meningo-opha. In the lacrimal variant (the lacrimal artery arises from the opha), the branch through the SoF is the recurrent meningeal artery or the sphenoidal artery. 5) Double connection between the mma and the lacrimal artery has also been demonstrated. 40) Regarding the special foramen of the greater wing of the sphenoid bone, Georgiou and Cassell demonstrated that this foramen was observed in about half and represented the remnant of an embryonic conduit for the supraorbital division of the stapedial artery entering to the orbit. 38) In 20-24 mm embryo, when the supraorbital division of the stapedial artery enters the orbital cavity, the greater wing of the sphenoid bone has not ossified. 41, 42) Therefore, the position of the foramen of the greater wing will vary according to the position of the supraorbital division of the stapedial artery at the time of ossification.
Recurrent Cavernous Branches of the OphA and the Inferolateral Trunk
Two recurrent branches of the opha have been described. The deep recurrent opha originates from the first segment of the intraorbital opha and courses caudally through the tendon of Zinn and the medial part of the SoF to anastomose with the anteromedial branch of the inferolateral trunk. The superficial recurrent opha arises from the intraorbital opha and the lacrimal artery, passes through the most lateral part of the SoF to reach the dural roof of the cavernous sinus, and sometimes continues as the marginal tentorial artery (Fig. 4) . 43) The inferolateral trunk divides into four branches: superior, anteromedial, anterolateral, and posterior branches. The superior branch anastomoses with the marginal tentorial artery and the meningohypophyseal trunk. The anteromedial branch anastomoses with deep recurrent opha. The anterolateral branch anastomoses with artery of foramen rotundum. The posterior branch anastomoses with the accessory meningeal artery. 44) Kiyosue et al. Identified an undescribed branch originating from the distal segment of the maxillary artery anastomosing with the anteromedial branch of the inferolateral trunk and designated as the artery of SoF. 45) The artery of SoF can also connect to the opha through the deep recurrent opha from the first segment of the intraorbital opha.
Discussion
according to Padget, the origin of the PDopha is not in the cavernous segment but in the supraclinoid segment of the ICa and the PDopha is not the orbital branch but the ocular branch. In the literature, however, the anomalous opha that originates from the cavernous segment of the ICa and enters into the orbit via the SoF is widely misinterpreted as the persistent PDopha. Recently, some authors have pointed out this wrong nomenclature. 5, 46, 47) Gregg et al. very recently described that an opha arising from the cavernous segment of the ICa derives from the Pma, and an opha arising from the aCa and an infraoptic course aCa represent the partial persistence of a primitive olfactory artery. 47) In 4-5 mm human embryo, the ocular vascular supply derives from the cranial division of the ICa that surrounds the caudal aspect of the optic vesicle and in the olfactory region. Therefore, the primitive olfactory artery can also be involved in opha origin variants, the aCa origin opha and the infraoptic course aCa, through its close relationship with the periocular capillary plexus.
In the dog, the opha composes of the internal opha, which is smaller and arises from the anterior cerebral artery, and the external opha, which arises from the maxillary artery and frequently forms a common trunk with the anastomotic artery. 48) The rare opha arising from the aCa in human, seem to be the homologue of the internal opha in the dogs. The dog has abundant anastomoses between the ICa and ECa systems. The anastomotic artery, supplying from the maxillary artery to the cavernous segment of the ICa, is the largest anastomosis. The connection to the external opha from the maxillary artery and the ICa in the dog seems to be homologous the anastomotic branches to the opha from the mma or the inferolateral trunk through the SoF in human.
De La Torre and Netsky examined skull base arteries including the ophas in human fetus and evaluated the similarities of the anatomy of man and the dog. 49) They found two branches, a small medial branch and a large lateral branch, in the cavernous segment of the ICa in all 6 fetuses from 5 to 9 months of fetal age. Both are derived from the Pma. The small medial branch is the inferior hypophyseal artery, and the large lateral branch supplies the adjacent dura and the orbit and designated as the persistent Pma. The persistent Pma is the homologue of the proximal part of the anastomotic branch in the dog, and it must be the inferolateral trunk in the adult man.
according to Padget's observation of 22 embryos from 4 to 40 mm (from 3.5 to 7 weeks), the Pma is mostly a temporal artery.
2) although the Pma plays the role of blood supply to the optic region in the earliest embryo, as the primitive opha develops, the Pma dwindles in size, and the only remnant becomes the inferior hypophyseal artery. The discrepancy of the findings between early and late fetal age remains uncertain. although further research is warranted to corroborate the fate of the primitive arteries, it seems that the anatomical variation of the opha attributes to the partial persistence of abundant anastomoses between the stapedial artery and the Pma during early embryogenesis.
The vascular system develops by two process, vasculogenesis and angiogenesis. Vasculogenesis is the de novo blood vessel formation by endothelial precursor cells called angioblast. Vascular endothelial growth factor (VEGF) stimulates the proliferation and migration of endothelial cells. angiogenesis is the complex remodeling process consisting of migration, sprouting, and pruning, which forms a functional vascular system from the primary vascular network. 50) Recent investigations demonstrated that the central and peripheral nervous systems influence the blood vessel patterning from the primary capillary plexus. [51] [52] [53] Development of the retinal vasculature is preceded by an invasion of migrating astrocytes, which emerge from the optic nerve head and spread radically over the retina. 51) Sensory neurons or Schwann cells can induce arterial marker expression in embryonic endothelial cells, and VEGF is essential for the formation of arteries. 52) In the development of the opha, the PDopha, which emerges concurrently with the formation of the optic cup and the optic stalk at 5-6 mm stage, should be the branch of the optic tissue, whereas the supraorbital division of the stapedial artery should be the orbital branches, which develops together with the peripheral branches of the ophthalmic division of the trigeminal nerve at 16-18 mm stage.
Conclusion
In the early embryo, the developing optic tissue is supplied by the primary capillary plexus from the pri mitive ICa and its branch, the Pma. Then, the PDopha arising from the ICa in the level of the posterior communicating artery and the PVopha arising in the level of the anterior choroidal artery forms the ocular arteries. The supraorbital division of the stapedial artery enters the orbit through the SoF, forms an arterial ring encircling the optic nerve with the ocular arteries, and become the orbital branches accompanying the ophthalmic division of the trigeminal nerve. The supraorbital division of the stapedial artery is the source of the anastomosis between the mma and the opha or the lacrimal artery. There are also potential anastomoses between the maxillary artery and the cavernous segment of the ICa. The persistent Pma seems to be the principal anastomosis, connecting the cavernous segment of the ICa and the maxillary artery, and must be the source of the opha arising from the cavernous segment of the ICa.
